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%\ GHVLJQLQJ D FDVFDGHG ODVHU ZDNHILHOG DFFHOHUDWRU KLJKTXDOLW\ PRQRHQHUJHWLF HOHFWURQ EHDPV H
EHDPVZLWKSHDNHQHUJLHVRI±0H9DQGUPVGLYHUJHQFHRIPUDGZHUHSURGXFHG%DVHGRQ
WKLV DFFHOHUDWRU WKH HEHDP EHWDWURQ UDGLDWLRQ VSHFWUD ZHUH PHDVXUHG H[DFWO\ YLD WKH VLQJOHSKRWRQ
FRXQWLQJWHFKQLTXHWRGLDJQRVHWKHHEHDPWUDQVYHUVHHPLWWDQFHLQDVLQJOHVKRW7KHHEHDPWUDQVYHUVH
VL]HLQWKHZDNHILHOGZDVHVWLPDWHGWREHaPm by comparing the measured x-ray spectra with the 
DQDO\WLFDOPRGHORIV\QFKURWURQOLNHUDGLDWLRQ%\FRPELQLQJWKHPHDVXUHGHEHDPHQHUJ\DQGGLYHUJHQFH
WKH QRUPDOL]HG WUDQVYHUVH HPLWWDQFH ZDV HVWLPDWHG WR EH DV ORZ DV Pm mrad and consistent with 
SDUWLFOHLQFHOO VLPXODWLRQV 7KHVH KLJKHQHUJ\ XOWUDORZHPLWWDQFH H EHDPV KROG JUHDW SRWHQWLDO
DSSOLFDWLRQVLQGHYHORSLQJIUHHHOHFWURQODVHUVDQGKLJKHQHUJ\[UD\DQGJDPPDUD\VRXUFHV 
I. INTRODUCTION 
7KH SDVW GHFDGH KDV ZLWQHVVHG D UHPDUNDEOH SURJUHVV LQ GHYHORSLQJ ODVHU ZDNHILHOG DFFHOHUDWRUV
/:)$VZKLFKKDYHDOUHDG\SURGXFHGTXDVLPRQRHQHUJHWLFORZHPLWWDQFH*H9FODVVIHPWRVHFRQGH
EHDPV E\ RSWLPL]LQJ WKH LQMHFWLRQ PHWKRG DQG ODVHU JXLGLQJ WHFKQLTXHV &RPSDUHG ZLWK
FRQYHQWLRQDOUDGLRIUHTXHQF\OLQHDUDFFHOHUDWRUVLWVXOWUDKLJKDFFHOHUDWLQJJUDGLHQWa ? ? ?
ȀPDNHV
/:)$DYHU\DWWUDFWLYHFRPSDFWDFFHOHUDWRUKROGLQJJUHDWSRWHQWLDODSSOLFDWLRQVLQWKHILHOGVRIKLJK
HQHUJ\FROOLGHUV7+][UD\DQGIUHHHOHFWURQODVHUV)(/ ߛUD\UDGLDWLRQHWF,QWKH
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EORZRXWRU³EXEEOH´UHJLPHVRIWKHZDNHILHOGHOHFWURQVIURPWKHWDLOFDQEHWUDSSHGLQWRWKHEXEEOH
DQGDFFHOHUDWHGWRKLJKHQHUJ\ORQJLWXGLQDOO\ZKLOHVLPXOWDQHRXVO\RVFLOODWLQJWUDQVYHUVHO\WRHPLW[UD\V
GXH WR WKH IRFXVLQJ IRUFHV RI WKH EXEEOH NQRZQ DV EHWDWURQ UDGLDWLRQ 3UHYLRXV H[SHULPHQWV DQG
WKHRULHVKDYHGHPRQVWUDWHGWKDWWKHVSHFWUDOFKDUDFWHULVWLFVRIEHWDWURQUDGLDWLRQDUHVLPLODUWRWKRVH
RIV\QFKURWURQUDGLDWLRQDQGW\SLFDOO\GHWHUPLQHGE\WKHEHWDWURQVWUHQJWKSDUDPHWHU ܭఉ ൌ ߛ߱ఉݎ௕Ȁܿ
ZKHUH ݎ௕ LVWKHHOHFWURQRVFLOODWLRQDPSOLWXGHDQGFDQEHUHIHUUHGDVWKHHEHDPWUDQVYHUVHVL]HDQG ߛ
WKHUHODWLYLVWLFIDFWRURIWKHHOHFWURQZKLOH ߱ఉ ൌ ߱௣Ȁඥ ?ߛ DQG ߱௣ DUHWKHEHWDWURQRVFLOODWLRQIUHTXHQF\
DQGSODVPDIUHTXHQF\UHVSHFWLYHO\%HFDXVHWKHEHWDWURQUDGLDWLRQVSHFWUDDUHVWURQJO\UHODWHGWRWKHH
EHDPWUDQVYHUVHRVFLOODWLRQLQWKHZDNHILHOGDQGGRPLQDWHGE\WKHKLJKHQHUJ\SDUWRIWKHWUDMHFWRU\WKH
HEHDPWUDQVYHUVHVL]HFDQEHREWDLQHGE\LQYHVWLJDWLQJWKHEHWDWURQUDGLDWLRQVSHFWUDZLWKRXWGHVWUXFWLQJ
WKHHEHDP  
7RUHDOL]HWKHSUDFWLFDODSSOLFDWLRQVRI/:)$VORZHPLWWDQFHHEHDPVDUHUHTXLUHGVSHFLDOO\
WR PLQLPL]H WKH GHJUDGDWLRQ RYHU ORQJGLVWDQFH SURSDJDWLRQ 7KH WUDQVYHUVH HPLWWDQFH D QRQWULYLDO
H[SHULPHQWDOSDUDPHWHURIKLJKHQHUJ\HEHDPVQHHGVWREHPHDVXUHG$IHZPHWKRGVKDYHEHHQSURSRVHG
WR PHDVXUH WKH WUDQVYHUVH HPLWWDQFH VXFK DV WKH PXOWLVFUHHQ LPDJH DSSURDFK TXDGUXSROH VFDQ
³SHSSHUSRW´WHFKQLTXHHWF+RZHYHUWKHILUVWWZRPHWKRGVDUHEDVHGRQPXOWLVKRWVDQGQHHGKLJKO\
VWDEOHDQGORZFKDUJHHEHDPV+HQFH WKH\DUHQRWVXLWDEOHIRU WKH/:)$HEHDPV7KH³SHSSHUSRW´
WHFKQLTXH LV D GHVWUXFWLYH GHWHFWLRQ PHWKRG DQG SUHYHQWV WKH GLDJQRVLV RI WKH HEHDP HQHUJ\ VSHFWUD
%HVLGHV WKLV PHWKRG KDV D OLPLWHG UHVROXWLRQ RI a PP PUDG ,Q DGGLWLRQ WR WKH DERYH PHWKRGV WKH
EHWDWURQ UDGLDWLRQVSHFWUDPHDVXUHPHQW LV DQDOWHUQDWLYHPHWKRG WRPHDVXUH WKH WUDQVYHUVHQRUPDOL]HG
HPLWWDQFHDVGHPRQVWUDWHGLQSUHYLRXVH[SHULPHQWV%\PHDVXULQJWKHEHWDWURQUDGLDWLRQVSHFWUD
WKHHEHDPWUDQVYHUVHVL]HFDQEHREWDLQHG:KHQFRPELQHGZLWKWKHHEHDPSHDNHQHUJ\DQGGLYHUJHQFH
DQJOHPHDVXUHGLQDVLQJOHVKRWWKHWUDQVYHUVHHPLWWDQFHFDQEHHVWLPDWHG  
,Q WKLV SDSHU ZH SUHVHQW D VLQJOHVKRW KLJKUHVROXWLRQ PHDVXUHPHQW RI WKH EHWDWURQ [UD\ UDGLDWLRQ
VSHFWUDWRHVWLPDWHWKHWUDQVYHUVHHPLWWDQFHRI/:)$HEHDPV7KHHPLWWHG[UD\SKRWRQVLQWKHUDQJH±
NH9ZHUHGHWHFWHGZLWKDQ[UD\FKDUJHFRXSOHGGHYLFH&&'FDPHUDLQWKHIDUILHOGEDVHGRQthe 
single-photon-counting (SPC) WHFKQLTXH %HVLGHV WKH [UD\ WRWDO SKRWRQ QXPEHU DQG VSDWLDO
GLVWULEXWLRQFRXOGEHPHDVXUHGZLWKDQ[UD\GHWHFWLRQV\VWHP;5'6&RPSDULQJWKHREWDLQHGEHWDWURQ
VSHFWUDZLWKWKHDQDO\WLFDOPRGHORIV\QFKURWURQUDGLDWLRQWKHHEHDPWUDQVYHUVHVL]HLQWKHSODVPDFDQ
WKHQEHREWDLQHGDQGWKHFRUUHVSRQGLQJQRUPDOL]HGWUDQVYHUVHHPLWWDQFHFDQEHHVWLPDWHG7RWKHEHVWRI
RXUNQRZOHGJHWKHPHDVXUHGHPLWWDQFHRI/:)$HEHDPVLVPXFKVPDOOHUWKDQSUHYLRXVH[SHULPHQWDO
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UHVXOWV  
II. EXPERIMENTAL SETUP  
7KHH[SHULPHQWVZHUHSHUIRUPHGDW WKH7LVDSSKLUHFKLUSHGSXOVH DPSOLILFDWLRQ ODVHU V\VWHPZLWK D
UHSHWLWLRQUDWHRI+]DW6,207KHH[SHULPHQWDOVHWXSLVVKRZQLQ)LJDZKHUHDQQPODVHU
V\VWHPGHOLYHUVXSWR7:ZLWKDIXOOZLGWKDWKDOIPD[LPXP):+0SXOVHGXUDWLRQRIIV7KH
ODVHUSXOVHVDUHIRFXVHGRQDWZRVWDJHJDVQR]]OHE\DIRIID[LVSDUDEROLFPLUURUZLWKDIRFDOVSRWVL]H
RI  Pm ):+0 DQG RQWDUJHW SHDN SRZHU RI  7: ZLWK a HQHUJ\ FRQFHQWUDWLRQ 7KLV
FRUUHVSRQGVWRDSHDNLQWHQVLW\RI  ? ?Ǥ ? ൈ ? ?ଵ଼ Ȁଶ and gives a normalized vector potential of ܽ଴ ൎ ?Ǥ ?7KHJDVWDUJHWFRQWDLQVDWZRVHJPHQWPPPPKHOLXPJDVMHWVDQGWKHULJKWZDOORIWKHILUVW
JDVMHWPPLVLQVHUWHGLQWRWKHGRZQVWUHDPRIWKHVHFRQGRQHPPGLDPHWHUDVVKRZQLQ)LJD
7KHODVHULVIRFXVHGDWWKHHQWUDQFHRIWKHILUVWJDVMHW%\VHWWLQJWKHEDFNLQJSUHVVXUHVRIWKHWZRJDVMHWV
WR±DQG±EDUUHVSHFWLYHO\DQGPDLQWDLQLQJWKHULJKWZDOORIWKHILUVWJDVJHWQH[WWRWKHHQWUDQFHRI
WKHVHFRQGRQHDVWUXFWXUHGJDVSURILOHZLWKDGHQVLW\EXPSLVIRUPHGWRUHDOL]HDKLJKTXDOLW\FDVFDGHG
/:)$$SUREHEHDPZDVVSOLWIURPWKHGULYLQJODVHUSXOVHDQGSDVVHGWUDQVYHUVHO\WKURXJKWKHJDV
WDUJHWWRGLDJQRVHWKHSODVPDGHQVLW\DQGWKHUHVXOWVDUHVKRZQLQ)LJE7KHSODVPDGHQVLWLHVLQWKH
WZR MHWV DUH ሺ ?Ǥ ? േ  ?Ǥ ?ሻ ൈ  ? ?ଵଽ ିଷ and ሺ ?Ǥ ? േ  ?Ǥ ?ሻ ൈ  ? ?ଵ଼ ିଷ , respectively, and the density 
bump is located ~0.15 mm away from the exit of the first gas jet, with a gas flow overlap region of ~400 
Pm and a highest density of ሺ ?Ǥ ? േ  ?Ǥ ?ሻ ൈ  ? ?ଵଽ ିଷ. The generated e beams were dispersed by a 90-
cm long tunable dipole electromagnet with a maximum magnetic field of 1.1 T, and detected by a Lanex 
phosphor screen imaged on an intensified &&'FDPHUDZKLFKZDVFURVVFDOLEUDWHGE\XVLQJDFDOLEUDWHG
LPDJLQJSODWHWRPHDVXUHWKHHEHDPFKDUJH)LJFVKRZVDW\SLFDOHOHFWURQHQHUJ\VSHFWUXPZLWK
DSHDNHQHUJ\RI0H9 
7KHRQD[LV[UD\EHWDWURQUDGLDWLRQHPLWWHGE\WKHHEHDPVIURPWKH/:)$ZDVGHWHFWHGE\D
ELWEDFNLOOXPLQDWHG[UD\&&'3,;,6;2%ZLWKîSL[HOVRIɊPVL]H As shown in Fig. 
1(a), the x-ray CCD camera, encased in lead shielding, was operated in a SPC mode to measure the x-ray 
spectra between ~30 eV to 16 keV with a high energy resolution of ~ 26 eV. The spectrum of the detected 
photons can be reconstructed by calculating the intensity histogram of the CCD signal. For the SPC mode, 
it is of primary importance that the detected photon flux should be low enough. To satisfy the SPC 
condition35,37, the x-ray CCD ZDVSRVLWLRQHGGRZQVWUHDPIDUDZD\(~5.3 m)IURPWKHJDVMHWVH[LW, ZKLFK
OHDGVWRDQDYHUDJHRIOHVVWKDQSKRWRQVSHUSL[HO%HVLGHVan 8-Ɋm-thick Al foil was inserted in front 
of the x-ray CCD camera to block the residual laser pulse and low-energy photons below 2 keV. 7KLVORZ
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SKRWRQIOX[JXDUDQWHHGWKH63&PRGHDQGOHGWRDKLJKVLJQDOWRQRLVHUDWLR WHDOVRLQVHUWHGDFP
ORQJDQGPPGLDPHWHUZROIUDPFROOLPDWRUaPDZD\IURPWKHJDVMHWVH[LWDORQJWKHSURSDJDWLRQ
D[LVWRPLQLPL]HWKHEURDGGLYHUJHQFHEUHPVVWUDKOXQJ[UD\EDFNJURXQGUDGLDWLRQRQWRWKH[UD\&&'
FDPHUD7KHDFFHSWDQFHDQJOHZDVaPUDGZKLFKFRXOGHIIHFWLYHO\EORFNWKHEUHPVVWUDKOXQJUDGLDWLRQ
FDXVHG E\ WKH HOHFWURQV ZLWK ORZ HQHUJ\ DQG ODUJH GLYHUJHQFH DQJOH EXW ZDV ODUJH HQRXJK WR DYRLG
LQIOXHQFLQJWKHPHDVXUHPHQWRIWKHKLJKHQHUJ\HEHDPEHWDWURQ[UD\UDGLDWLRQ 
7RPHDVXUHWKH[UD\SKRWRQQXPEHUDQGVSDWLDOUDGLDWLRQSURILOHH[DFWO\ZHGHVLJQHGDQ;5'6
FRQWDLQLQJD/X6L2/62FU\VWDOVFLQWLOODWRUDQGDELW&&'FDPHUD7KH;5'6ZDVSODFHGaP
GRZQVWUHDPIURPWKH/:)$7KHUHVLGXDOODVHUSXOVHDQGWKHORZHQHUJ\UDGLDWLRQNH9ZHUHEORFNHG
E\DPm-WKLFNEHU\OOLXPZLQGRZDVVKRZQLQ)LJD7KHWUDQVPLWWHG[UD\VVWUXFNWKH/62FU\VWDO
VFLQWLOODWRUWRSURGXFHDIOXRUHVFHQFHVLJQDODQGZDVWKHQGHWHFWHGE\WKH&&'FDPHUD  
 
),*(Color Online) D([SHULPHQWDOVHWXSRID/:)$IRUHEHDPDQGEHWDWURQ[UD\JHQHUDWLRQDQG
GLDJQRVWLFVE0HDVXUHGSODVPDFKDQQHODQGSODVPDGHQVLW\SURILOHYLDD0LFKHOVRQW\SHLQWHUIHURPHWHU
F7\SLFDOHEHDPVSHFWUXPPHDVXUHGE\WKHHOHFWURPDJQHW 
III. EXPERIMENTAL RESULTS AND DISCUSSION 
In our experiments, by adjusting the backing pressure of the gas jets and the distance of the two gas 
nozzles, quasi-monoenergetic e beams with the peak energies in the range of 300~400 MeV were produced. 
The typical energy spectra and divergence angle of five shots under similar conditions are shown in Figs. 
2(a)- 2(c). The peak energy, rms energy spread, rms divergence angle, and electron charges are listed in 
5 
the table of Fig. 2(a). The peak energy is stable with an energy spread of <1% and divergence angle of 
<0.3 mrad. Moreover, to investigate the shot-to-shot fluctuations of the e beams, a series of e beam 
measurements over 60 shots were also recorded to analyze the fluctuation of the central positions, peak 
energy, and rms divergence angle of the e beams, as shown in Figs. 2(d)-2(e). The statistics suggest that 
the e-beam energy was mainly located at 340±360 MeV and the divergence angle varied from 0.15 to 0.4 
mrad. Meanwhile, the maximum centroid offset of the e beams is about ±0.3 mrad, which can be attributed 
to the fluctuation of the laser pulse and density distribution.  
 
FIG. 2. (Color Online) (a) Typical e-beam energy distribution for five consecutive shots; (b-c) 
Corresponding e-beam energy spectra and rms divergence angle distributions; (d-e) Statistics of shot-to-
shot fluctuations of the e-beam central position and rms divergence angle over 60 shots. 
7RPHDVXUHWKHEHWDWURQUDGLDWLRQDVLQJOHVKRW[UD\UDGLDWLRQSDWWHUQFRUUHVSRQGLQJWRWKHHEHDP
HQHUJ\VSHFWUDRIVKRWLQ)LJDZDVGHWHFWHGE\XVLQJWKH[UD\&&'FDPHUDDVVKRZQLQ)LJD
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DQGWKHUHFRQVWUXFWHG[UD\VSHFWUDOSURILOHLVSUHVHQWHGLQ)LJFE\WKHUHGFXUYH%HVLGHVWKHEHWDWURQ
[UD\VSHFWUDFDQEHFKDUDFWHUL]HGE\DV\QFKURWURQOLNHRQD[LVVSHFWUXPRIWKHIRUP ݀ଶܫ ݀ܧ݀ȳ ? ȁఏୀ଴ ןሺܧ ܧ௖ ? ሻଶ ଶࣥ ଷ ?ଶ ሺܧȀܧ௖ሻZKHUH ଶࣥȀଷ LVWKHVHFRQGNLQGPRGLILHG%HVVHOIXQFWLRQRI  ?Ȁ ? RUGHU ܧ௖ LVWKH
FULWLFDO HQHUJ\ ZKLFK LV JLYHQ E\ ܧ௖ ൌ  ?԰ܭఉߛଶ߱ఉ  DQG ܭఉ ൌ ߛ߱ఉݎ௕ ܿ ? ൎ  ?Ǥ ? ?ൈ ? ?ି ଵ଴ݎ௕ሾሿඥߛ݊௘ሾିଷሿZKHUH ݊௘  îFPLVWKHSODVPDGHQVLW\DQGWKHHEHDPHQHUJ\RIVKRW
LQ)LJDLV0H9ߛa6LQFHWKHEHWDWURQVSHFWUDOVKDSHLVFORVHO\DVVRFLDWHGZLWKWKHFULWLFDO
HQHUJ\DQGHEHDPWUDQVYHUVHVL]HWKHPHDVXUHGEHWDWURQVSHFWUDDUHILWWHGXQGHUGLIIHUHQWFULWLFDOHQHUJLHV
E\WKHV\QFKURWURQOLNHRQD[LVUDGLDWLRQIRUP*RRGDJUHHPHQWEHWZHHQWKHH[SHULPHQWDOVSHFWUDDQGWKH
WKHRUHWLFDOVSHFWUDFRQYROYHGZLWK&&'FDPHUDDQGILOWHUUHVSRQVH LVREWDLQHGIRU WKHFULWLFDOHQHUJ\ܧ௖ ൌ  ?Ǥ ? േ  ?Ǥ ?  DV VKRZQ LQ )LJ F ZLWK WKH EOXH FXUYH 7KH OLJKW EOXH VKDGRZ GHILQHV WKH
XQFHUWDLQW\ 6LQFH ERWK WKH HOHFWURQ SDUDPHWHUV DQG WKH [UD\ EHWDWURQ UDGLDWLRQ ZHUH PHDVXUHG
VLPXOWDQHRXVO\LQDVLQJOHODVHUVKRWWKH\FDQEHXVHGWREHYHULILHGPXWXDOO\$FFRUGLQJWRWKHFULWLFDO
HQHUJ\LQGLFDWHGLQ)LJFWKHHEHDPWUDQVYHUVHVL]HRIVKRWLQ)LJDFDQEHHVWLPDWHGWREHݎ௕ ൎ  ?Ǥ ? ?േ  ?Ǥ ? ? Ɋ 
 %HFDXVHWKDWWKHH[SHULPHQWDOVSHFWUDDUHLQWHJUDWHGRYHUWKHRSHQLQJDQJOHRIWKH[UD\&&'FDPHUD
ZKLOHWKHWKHRUHWLFDOPRGHORQO\LQYROYHVWKHRQD[LVSRUWLRQ7KHUHIRUHWRLQYHVWLJDWHWKHHIIHFWRIWKH
UDGLDWHG DQJXODU GLVWULEXWLRQ RQ WKH ILWWLQJ UHVXOW ZH DOVR VLPXODWHG WKH LQWHJUDWLRQ VSHFWUD
QXPHULFDOO\RYHUWKHHPLVVLRQDQJOHRIWKHV\QFKURWURQUDGLDWLRQSURGXFHGE\DVLQJOHHOHFWURQWUDMHFWRU\
ZLWKDQRVFLOODWLRQDPSOLWXGHRIPm. The VLPXODWHGDQJOHLQWHJUDWHGVSHFWUDFRQYROYHGZLWKWKH&&'
FDPHUDDQGILOWHUUHVSRQVHLVVKRZQDVWKHJUHHQFXUYHLQ)LJFZKLFKLVLQJRRGDJUHHPHQWZLWKWKH
RQD[LVVSHFWUDDQGWKHH[SHULPHQWDOVSHFWUD  
%\ XVLQJ WKH HEHDP WUDQVYHUVH VL]H RI VKRW  LQ )LJ D WKH EHWDWURQ VWUHQJWK SDUDPHWHU ZDV
FDOFXODWHGWREH ܭఉ ൎ  ?Ǥ ? ?DQGWKHWKHRUHWLFDOGLYHUJHQFHDQJOHRIWKHEHWDWURQUDGLDWLRQFDQEHHVWLPDWHG
WR EH ߠ ൎ ܭఉ ߛ ? ൎ  PUDG )XUWKHUPRUH WKH HOHFWURQ RVFLOODWLRQ SHULRG QXPEHU ZDV HVWLPDWHG DV଴ܰ ൌ ܮȀߣఉ ൎ  ? ZKHUH ܮ LV WKH ZLJJOHU OHQJWK DQG ߣఉ ൌ ඥ ?ߛߣ௣ WKH EHWDWURQ ZDYHOHQJWK7KH WRWDO
SKRWRQQXPEHUFRXOGWKXVEHSUHGLFWHGWREH ۃ ௣ܰ௛ۄ ؄  ?Ǥ ? ൈ ? ?ିଷ ଴ܰ ௘ܰܭఉ  ?  ?Ǥ ? ൈ ? ?଻ZKHUH ௘ܰ LV
WKHHEHDPFKDUJHRIVKRW7RIXUWKHUYHULI\WKHUHDVRQDEOHQHVVRIWKHWUDQVYHUVHHEHDPVL]HZHDOVR
GHWHFWHGWKHEHWDWURQUDGLDWLRQSDWWHUQDQGWRWDOUDGLDWHGSKRWRQQXPEHUE\WKH;5'6DVVKRZQLQ)LJV
EGDQGHZKLFKFRUUHVSRQGWRWKHHEHDPVSHFWUDRIVKRWLQ)LJD7KHWRWDOSKRWRQQXPEHU
RIWKHEHWDWURQUDGLDWLRQFDQEHHVWLPDWHGWREHî)LJGDQGHDUHWKHFRUUHVSRQGLQJ
EHWDWURQUDGLDWLRQGLYHUJHQFHDQJOHVLQWKHKRUL]RQWDO]D[LVDQGYHUWLFDO\D[LVGLUHFWLRQVUHVSHFWLYHO\
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,WFDQEHIRXQGWKDWWKHUDGLDWLRQGLYHUJHQFHDQJOHVZHUHPUDGDQGPUDGUHVSHFWLYHO\$OWKRXJK
RQO\RQHRIWKHWZR[UD\GLDJQRVWLFV\VWHPVFRXOGEHLQVWDOOHGLQRQHVKRWWKHEHWDWURQUDGLDWLRQRIVKRW
DQGVKRWFRXOGEHDVVXPHGWREHWKHVDPHGXHWRWKHLULGHQWLFDODFFHOHUDWLRQHQHUJ\7KHPHDVXUHG
WRWDO SKRWRQ QXPEHU DQG UDGLDWLRQ GLYHUJHQFH DQJOH E\ ;5'6 DUH ERWK DOPRVW FRQVLVWHQW ZLWK WKH
WKHRUHWLFDOHVWLPDWLRQEDVHGRQWKHɊPHEHDPWUDQVYHUVHVL]H7KHUHIRUHZHFDQLQIHUWKDWWKHH
EHDP WUDQVYHUVH VL]H RI ݎ௕ ൎ  ?Ǥ ? ?േ  ?Ǥ ? ? Ɋ DFKLHYHG WKURXJK WKH ILWWLQJ WR WKH EHWDWURQ UDGLDWLRQ
VSHFWUXPLVUHDVRQDEOH  
%\PHDVXULQJWKHHEHDPVSHFWUXPDQGWKHFRUUHVSRQGLQJEHWDWURQ[UD\UDGLDWLRQVSHFWUXPLQDVLQJOH
ODVHUVKRWZHKDYHREWDLQHGWKHHEHDPSHDNHQHUJ\0H9GLYHUJHQFHDQJOHPUDGDQGH
EHDPVL]HPm7KHUHIRUHWKHQRUPDOL]HGWUDQVYHUVHHPLWWDQFHFDQEHHVWLPDWHGXVLQJ ߳௫ ൎ ߛݎ௕ߪఏ
WREHPm PUDGIRUVKRWLQ)LJDZKLFKLVWKHVPDOOHVWYDOXHPHDVXUHGE\H[SHULPHQWVVRIDU 
 
),*(Color Online)D%DFNJURXQGVXEWUDFWHG[UD\EHDPUHFRUGHGE\DQ[UD\&&'FDPHUDLQWKH
63&PRGHE%HWDWURQ[UD\UDGLDWLRQSDWWHUQGHWHFWHGE\WKH;5'6PHWKRGF%HWDWURQ[UD\UDGLDWLRQ
VSHFWUXPUHWULHYHGE\WKH[UD\&&'FDPHUDLQDVLQJOHVKRWUHGFXUYHILWWHGE\WKHV\QFKURWURQRQD[LV
UDGLDWLRQ FDOFXODWLRQ EOXH FXUYH DQG DQJOHLQWHJUDWHG WKHRUHWLFDO VSHFWUXP JUHHQ FXUYH G±H
*DXVVLDQILWWLQJRIWKHEHWDWURQUDGLDWLRQSURILOHRIELQWKH]DQG\GLUHFWLRQVUHVSHFWLYHO\ 
IV. TWO-DIMENSIONAL PIC SIMULATIONS 
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7REHWWHUXQGHUVWDQGWKHH[SHULPHQWDOUHVXOWD WZRGLPHQVLRQDOSDUWLFOHLQFHOO'3,&VLPXODWLRQ
ZDVSHUIRUPHGZLWKWKHFRGH9253$/$OLQHDUO\SRODUL]HG*DXVVLDQODVHUSXOVHZLWKZDYHOHQJWK ߣ௅ ൌ ?Ǥ ? Ɋ QRUPDOL]HG DPSOLWXGH ܽ଴ ൌ  ?Ǥ ? VSRW VL]H ݓ଴ ൌ  ? ? Ɋ ):+0 DQG SXOVH GXUDWLRQ ɒ௅ ൌ ? ?  ):+0ZDVXVHGLQVLPXODWLRQV$PRYLQJZLQGRZZLWKDVL]HRIhɊPZDVFKRVHQDQG
JULGFHOOVL]HZDV ߣ௅Ȁ ? ? LQWKHSURSDJDWLRQGLUHFWLRQDQG ߣ௅Ȁ ? ? LQWKHWUDQVYHUVHGLUHFWLRQ%\FKRRVLQJ
WKHSODVPDGHQVLW\FORVHWRWKHH[SHULPHQWDOFRQGLWLRQDVVKRZQLQ)LJDDKLJKTXDOLW\HEHDPFDQ
EHSURGXFHG)LJEIVKRZVQDSVKRWVRIWKHVLPXODWHGGHQVLW\GLVWULEXWLRQDQGZDNHILHOGVWUXFWXUHDW
[ EFGHDQGPPIUHVSHFWLYHO\ZKHUH[LVWKHSURSDJDWLRQGLUHFWLRQ7KH
HEHDPZDVWUDSSHGLQWRWKHVHFRQGEXFNHWDWDERXW[ PPE\VHOILQMHFWLRQDQGEHLQJVHHGHGLQWR
WKHILUVWEXFNHWIRUUHDFFHOHUDWLRQDIWHUWKHGHQVLW\EXPS7KHHYROXWLRQRIWKHSHDNHQHUJ\UPVHQHUJ\
VSUHDGWUDQVYHUVHVL]HDQGQRUPDOL]HGWUDQVYHUVHHPLWWDQFHRIWKHHEHDPDORQJWKHSURSDJDWLRQGLUHFWLRQ
DUHDOOVKRZQLQ)LJVJK7KHSHDNHQHUJ\RIWKHVLPXODWHGHEHDPLV0H9ZLWKDQUPVHQHUJ\
VSUHDGRIDWUDQVYHUVHEHDPVL]HRIPmDQGDQRUPDOL]HGWUDQVYHUVHHPLWWDQFHRIPm mrad, 
DOO WKHVHDUH LQJRRGDJUHHPHQWZLWKH[SHULPHQWDO UHVXOWV ,Q WKHVLPXODWLRQV WKHVHOILQMHFWHGHEHDP
H[SHULHQFHVDTXDVLVWDEOHDFFHOHUDWLRQDQGDQHJDWLYHHQHUJ\FKLUSLQWKHGHQVLW\EXPSXSZDUGDQG
GRZQZDUG UHJLRQ UHVSHFWLYHO\ ZKLFK OHDGV WR DQ HEHDP HQHUJ\ VSUHDG FRPSUHVVLRQ GXULQJ UH
DFFHOHUDWLRQLQWKHILUVWEXFNHW7KHUHIRUHDYHU\ORZHQHUJ\VSUHDGFDQEHREWDLQHG0RUHRYHUIURP)LJ
ELWFDQEHIRXQGWKDWWKHHEHDPLVVHOILQMHFWHGLQWRWKHVHFRQGEXFNHWORQJLWXGLQDOO\ZKLFKOHDGVWR
VPDOOWUDQVYHUVHPRPHQWXPDQGWUDQVYHUVHSRVLWLRQ7KLVORQJLWXGLQDOVHOILQMHFWLRQPHFKDQLVPZLOOOHDG
WRDORZWUDQVYHUVHHPLWWDQFHLQWKHDFFHOHUDWLRQSURFHVV$IWHUEHLQJVHHGHGLQWRWKHEDVHRIWKHILUVW
EXFNHWWKHHEHDPH[SHULHQFHVWKHKLJKHVWDFFHOHUDWLQJILHOGDQGPDLQWDLQVDVPDOOWUDQVYHUVHPRPHQWXP
IRUUHDFFHOHUDWLRQDVVKRZQLQ)LJFI7KXVRZLQJWRWKHLQLWLDOVPDOOWUDQVYHUVHPRPHQWXPLQWKH
VHFRQGEXFNHWDQGDSURSHUVHHGLQJSKDVHDQGHQHUJ\VSUHDGFRPSUHVVLRQLQWKHILUVWEXFNHWDQXOWUDORZ
QRUPDOL]HGWUDQVYHUVHHPLWWDQFHFDQEHREWDLQHG7KHUHIRUHE\DGMXVWLQJWKHEDFNLQJSUHVVXUHVDQGWKH
UHODWLYHGLVWDQFHEHWZHHQWKHWZRQR]]OHVDKLJKTXDOLW\HEHDPZLWKDORZHQHUJ\VSUHDGDQGDQXOWUDORZ
QRUPDOL]HGWUDQVYHUVHHPLWWDQFHFDQEHSURGXFHGDQGFRQWUROOHG 
)XUWKHUPRUHWRLQYHVWLJDWHWKHEHWDWURQRVFLOODWLRQDQG[UD\UDGLDWLRQZHWUDFHGWKHWUDMHFWRULHVRIWKH
VDPSOHG DFFHOHUDWLQJ HOHFWURQV LQ WKH SODVPD DV VKRZQ LQ )LJ K DQG WKH FRUUHVSRQGLQJ EHWDWURQ
UDGLDWLRQ VSDWLDOGLVWULEXWLRQ LVSORWWHG LQ)LJL7KH WUDMHFWRU\ WUDFHG LQ)LJK LV W\SLFDO IRU WKH
DFFHOHUDWHGHOHFWURQVDQGWKHQXPEHURIRVFLOODWLRQVLVDERXW7KHFRUUHVSRQGLQJVSDWLDOGLVWULEXWLRQRI
UDGLDWLRQ LV FDOFXODWHG E\ VRPH UDQGRPO\ VDPSOHG HOHFWURQV DV VKRZQ LQ )LJ L ,W VKRZV WKDW WKH
UDGLDWLRQ GLYHUJHQFH DQJOHV LQ WKH WUDQVYHUVH GLUHFWLRQ DUH  PUDG ZKLFK LV DJUHHPHQW ZLWK WKH
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H[SHULPHQWDOHVWLPDWLRQDERYH7KHRQD[LVUDGLDWLRQVSHFWUXPLVVKRZQLQ)LJLDVDUHGFXUYH,WV
FULWLFDOUDGLDWLRQHQHUJ\LVDERXWNH9ZKLFKLVDOVRFRQVLVWHQWZLWKH[SHULPHQWDOUHVXOW7KHUHIRUHLW
LQGLFDWHV WKDW WKHEXEEOH VWUXFWXUH LQ WKH H[SHULPHQW LV VWDEOH DQG WKHHEHDP WUDQVYHUVHRVFLOODWLRQ LV
LVRWURSLFZKLFKPD\FRQWULEXWHWRDKLJKTXDOLW\HEHDPJHQHUDWLRQ 
 
),*  (Color Online) D /RQJLWXGLQDO SODVPD GHQVLW\ SURILOH LQ VLPXODWLRQV EI 3ODVPD GHQVLW\
GLVWULEXWLRQDQGZDNHILHOGVWUXFWXUHLQWKH'3,&VLPXODWLRQDW[ EFGHDQG
PPIUHVSHFWLYHO\J(YROXWLRQRIWKHHEHDPSHDNHQHUJ\EODFNFXUYHDQGUPVHQHUJ\VSUHDG
YLROHWFXUYH LQVLPXODWLRQV K7UDQVYHUVHEHDPVL]HEOXHFXUYHDQG WKHFRUUHVSRQGLQJQRUPDOL]HG
WUDQVYHUVHHPLWWDQFHJUHHQFXUYHHYROXWLRQDQGW\SLFDOWUDMHFWRU\UHGFXUYHRIRQHRIWKHDFFHOHUDWHG
HOHFWURQVL6SDWLDOGLVWULEXWLRQLQWKHWUDQVYHUVHGLUHFWLRQVDQGUDGLDWLRQVSHFWUXPRIWKHFRUUHVSRQGLQJ
EHWDWURQUDGLDWLRQE\VRPHUHSUHVHQWDWLYHHOHFWURQVGXULQJDFFHOHUDWLRQ 
9&21&/86,216 
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,QFRQFOXVLRQZHKDYHSUHVHQWHGDVLQJOHVKRWKLJKUHVROXWLRQ[UD\VSHFWUDFKDUDFWHUL]DWLRQRIEHWDWURQ
UDGLDWLRQLQDFDVFDGHG/:)$,QWKLV/:)$VWDEOHPRQRHQHUJHWLFHEHDPVKDYHEHHQSURGXFHGDQGWKH
PHDVXUHPHQWRIWKHFRUUHVSRQGLQJVLQJOHVKRWEHWDWURQ[UD\VSHFWUDLQWKHUDQJHRI±NH9ZDVDOVR
HQDEOHG E\ DQ [UD\ &&' FDPHUD LQ WKH 63& PRGH &RPSDULQJ WKH PHDVXUHG [UD\ VSHFWUD ZLWK DQ
DQDO\WLFDO PRGHO RI EHWDWURQ UDGLDWLRQ WKH HEHDP WUDQVYHUVH VL]H LQ WKH SODVPD ZDV HVWLPDWHG WR EH ?Ǥ ? ?േ  ?Ǥ ? ? Ɋ)XUWKHUPRUHWKHEHWDWURQUDGLDWLRQSDWWHUQDQGWRWDOUDGLDWHGSKRWRQQXPEHUZHUHDOVR
PHDVXUHGE\WKH;5'6PHWKRGDQGERWKPHDVXUHGUHVXOWVDUHLQJRRGDJUHHPHQWZLWKWKHWKHRUHWLFDO
HVWLPDWLRQ&RPELQLQJ WKHPHDVXUHGHEHDPWUDQVYHUVHVL]HZLWK LWVGLYHUJHQFHDQJOHRIPUDGD
QRUPDOL]HGWUDQVYHUVHHPLWWDQFHDVORZDVPm PUDGZDVLQIHUUHGIRUDQHEHDPZLWK0H9SHDN
HQHUJ\UPVHQHUJ\VSUHDGDQGS&FKDUJH7KHSHDNHQHUJ\DQGQRUPDOL]HGHPLWWDQFHRIWKHH
EHDPLQWKHH[SHULPHQWDUHFRQVLVWHQWZLWK'3,&VLPXODWLRQV7KLVXOWUDORZHPLWWDQFHREWDLQHGLQWKH
H[SHULPHQW GHPRQVWUDWHV WKH SRWHQWLDO RI WKLV KLJKTXDOLW\ H EHDP IRU [UD\ )(/ EULJKW JDPPDUD\
VRXUFHVDQGFROOLGHUVIRUKLJKHQHUJ\SK\VLFV 
$&.12:/('*0(176 
7KLVZRUNZDVVXSSRUWHGE\WKH1DWLRQDO1DWXUDO6FLHQFH)RXQGDWLRQRI&KLQD*UDQW1RV
DQGDQGWKH6WUDWHJLF3ULRULW\5HVHDUFK3URJUDP%*UDQW1R;'%
RIWKH6WDWH.H\/DERUDWRU\3URJUDPRIWKH&KLQHVH0LQLVWU\RI6FLHQFHDQG7HFKQRORJ\ 
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